Articles you may be interested in A Langmuir probe diagnostic for time-of-flight measurements of transient plasmas produced by high-energy laser ablationa) Rev. Sci. Instrum. 83, 10D725 (2012) The plasma formed in vacuum by UV nanosecond laser ablation of La 0.4 Ca 0.6 MnO 3 in the fluence range of 0.8 to 1.9 J cm À2 using both Langmuir probe analysis and energy-resolved mass spectrometry has been studied. Mass spectrometry shows that the main positive ion species are Ca þ , Mn þ , La þ , and LaO þ . The Ca þ and Mn þ energy distributions are quite broad and lie in the 0-100 eV region, with the average energies increasing with laser fluence. In contrast, the La þ and LaO þ distributions are strongly peaked around 10 eV. The net time-of-arrival signal derived from the measured positive ion energy distributions is broadly consistent with the positive ion signal measured by the Langmuir probe. We also detected a significant number of O À ions with energies in the range of 0 to 10 eV. The Langmuir probe was also used to measure the temporal variation of the electron density and temperature at 6 cm from the ablation target. In the period when O À ions are found at this position, the plasma conditions are consistent with those required for significant negative oxygen ion formation, as revealed by studies on radio frequency excited oxygen plasma. V C 2014 AIP Publishing LLC. [http://dx
Langmuir probe measurements and mass spectrometry of plasma plumes generated by laser ablation of La 0.4 Ca 0.6 MnO 3
I. INTRODUCTION
Pulsed laser deposition (PLD) is a well suited deposition technique to prepare thin films, in particular, oxides with a complex stoichiometry, by removing material from a bulk target using a pulsed laser beam. [1] [2] [3] The evaporated plasma plume contains ionized atoms and molecules, neutrals and electrons, and the kinetics of the plasma plume will have a direct influence on the structural and physical properties of a deposited film. To better understand these plasma properties, a range of plasma analytical techniques such as Langmuir probe, 4-10 plasma imaging, [11] [12] [13] [14] emission spectroscopy, [15] [16] [17] [18] [19] [20] and mass spectrometry [21] [22] [23] [24] [25] [26] have been used also in a number of combinations to cover different aspects and properties of plasma species. 27, 28 For example, Geohegan and Puretzky investigated the laser ablation plume thermalization dynamics in background gases thereby combining optical absorption and emission spectroscopy, imaging and ion probe analysis. 27 Amoruso et al. characterized the laser induced LaMnO 3 plasma by ion probe and optical emission spectroscopy and developed the distance-related pressure dependencies for the different expansion regimes. 28 Langmuir probe analysis and mass spectroscopy have the advantage that charged species can be detected irrespective of their excited state, whereas neutral species are more difficult to quantify, or cannot be readily measured. Excited state neutral and ionized species are detected in emission spectroscopy and plasma imaging, but a quantitative analysis is difficult to achieve. Langmuir probe measurement is a relatively simple and direct plasma diagnostic technique. [4] [5] [6] [7] [8] [9] [10] A small metal probe with variable bias voltage is placed in the flowing ablation plasma, and, depending on the polarity of the bias, an electron or positive ion current is collected as the plasma flows past the probe leading to the time-of-arrival (TOA) distribution. The TOA distributions usually show the presence of a smooth current signal for both elemental and multi-component target. 29 For a sufficiently negative bias, electrons are rejected at the probe, and the TOA distribution can be used to find the ion velocity and kinetic energy distributions associated with the plasma flow. The voltage bias on a Langmuir probe can also be varied to measure the IV characteristic, and thence determine the electron temperature (T e ). 4 Langmuir probe analysis is most suitable when one ionic species is dominant, as is the case for ablation of an elemental metal target. 5 However, for many PLD applications compound targets with a complex chemical composition are used and different ionic species are present in the plasma, all of which contribute to the ion current signal in a Langmuir probe measurement. Mass spectroscopy may be used to distinguish different ion masses and charge. In previous studies, both quadrupole 21, 25 and time-of-fight mass spectrometers [22] [23] [24] have been used to determine the ionic composition of the plume. Since Langmuir probe analysis and mass spectrometry have different advantages and limitations, it is of interest to explore what can be learned by using a combination of the two techniques, and to determine the extent to which the two measurements can be reconciled. Combining mass spectrometry with Langmuir probe (or ion collector) measurements have been reported previously. [30] [31] [32] [33] [34] This combination has been used mostly to extend the kinetic energy range for energy resolved mass spectrometry in order to measure the shorter time of arrival of fast moving ionic plasma species.
In this paper, we report how Langmuir probe analysis and energy resolved mass spectrometry are used to a)
Author to whom correspondence should be addressed. investigate the plasma properties of La 0.4 Ca 0.6 MnO 3 (LCMO) at various laser fluences with the aim of showing how results of these two techniques can be compared directly. A Langmuir probe measures the TOA distribution of positive ionic species, the electron temperature, and density. The quadrupole mass spectrometer combined with an electrostatic kinetic energy (E k ) analyzer measures the E k distributions of ionic species. From the experimentally determined E k distributions, a TOA can be calculated for each of the ionic species. Summing up all TOAs yields an overall TOA distribution, which can be compared to the measured TOA distribution from the Langmuir probe. The comparison of these TOA distributions allows to distinguish the contribution from different species to the total detected TOA distribution as determined from mass spectrometry and hence will improve the understanding of Langmuir probe measurements when dealing with the characterization of a laser generated plasma from multi-elemental targets.
II. EXPERIMENTAL METHODS
The Langmuir probe and mass spectrometry plasma analysis experiments were carried out in a ultra-high vacuum chamber at $10 À8 mbar as illustrated in Figs. 1(a) and 1(b). The plasma was generated using a XeCl excimer laser beam (k ¼ 308 nm, s ¼ 25-30 ns, freq. ¼ 5 Hz) imaged onto a rotating ceramic disc target of LCMO placed at the centre of the chamber. The angle of incidence was 45 and fluence values of 0.8, 1.3, and 1.9 J cm À2 were used. The target could be rotated to face either the Langmuir probe or the mass spectrometer, as shown in Figs. 1(a) and 1(b). The laser signal is measured by a photodiode, which acts as the reference of the zero time for the Langmuir probe measurement.
A rod-shaped Langmuir probe of 3 mm diameter and 36 mm length was placed in front of the target at a distance which can be varied from 6 to 14 cm as measured from the tip of the probe. The probe lies parallel to the normal of the target surface and points towards the laser ablation spot; hence, the cylindrical surface of the probe is parallel to the plasma flow ( Fig. 1(c) ). In this geometry, the probe signal is nearly proportional to the ion density and V 0.5 , 7 unlike a flat probe lying perpendicular to the plasma flow where the signal is proportional to the ion flux (density x velocity). Following the analysis in Ref. 7 , it can be shown that for the plasma conditions at 6 cm from the target the ion signal is mainly collected at $6 mm near the tip of the probe, arising from the formation of a matrix sheath in that region. Further along the probe a Child-Langmuir sheath is formed and a smaller current density is extracted from the plasma. The matrix sheath thickness varies as V 0.5 which corresponds to a thickness of $2 mm if the probe is biased at 10 V, a value larger than the radius of the probe. The ion signal is, therefore, expected to vary approximately as sheath thickness squared, i.e., as V. Thus, we would not expect our signal to saturate. However, the flat end of the probe could still contribute which may happen at early arrival times where the plasma velocity is higher. The current drawn by the probe was determined by measuring the voltage across a load resistor, which had values of 10 X or 50 X, depending on the signal to be measured as illustrated in Fig. 1(d) . The probe signals were averaged over 40 laser shots.
The mass spectrometry measurements were conducted using a high-transmission 45 sector field ion energy analyzer combined with an electrostatic quadrupole mass spectrometer (EQP-QMS, Hiden) and an entry orifice of 0.06 mm to enable operation at elevated pressures and high plasma densities. 31, 35 The incoming ions are first filtered by the field ion analyzer, which allows the ionic species with a defined kinetic energy to pass the 45 sector analyser. Afterwards, the passed ions are further filtered by a quadrupole mass selector, which allows the ionic species with a defined massto-charge ratio to pass. By tuning the pass energy of the kinetic energy analyzer and measure the signal from a specific ionic species with defined mass to charge ratio, the ion kinetic energy distribution dN/dE k of each ion species is measured. The pressure in the mass spectrometer system was 
maintained at 10
À8 mbar by differential pumping. The distance from the target surface to the entrance aperture on the spectrometer was 6 cm for all measurements. The voltages on the extractor and the electrostatic lenses at the entrance of the detector were tuned to obtain the optimum detection efficiency for each of the ions investigated.
III. RESULTS AND DISCUSSION
A. Langmuir probe measurements Figure 2 shows the TOA distributions recorded for probe bias voltages of À10 V (a) and 10 V (b) with the Langmuir probe at 6 cm for various values of laser fluence. As expected, with a negative bias, the electron flow to the probe is suppressed and positive ions extracted from the plasma give rise to a positive current to the probe. With a positive bias, electrons can reach the probe surface, giving rise to a negative current, the value depending on the bias voltage and the TOA. As has been observed before, the magnitude of the detected negative current signals greatly exceeds the positive current signals, due to the much lower electron mass [4] [5] [6] [7] . With decreasing laser fluence, the amplitudes of the positive and negative current signals decrease, while their arrival times are delayed, indicating a decrease in the amount and expansion velocity of the laser ablation plume. It can be noted that for laser fluences larger than 1.6 J cm À2 , the negative and positive TOA distributions show a single sharp peak, while for fluence values below 1.3 J cm À2 a double peak is observed for the negative TOA distributions. The origin of this double peak is not clear at present.
Laser fluence values of 0.8 J cm À2 and 1.9 J cm À2 were selected for more extensive Langmuir probe investigation. , the duration of the positive ion signal increases as the bias is increased for À2 V to À10 V, but remains constant for higher bias voltage. For 0.8 J cm
À2
, a double peak is observed for positive bias above 3 V; the relative amplitude of the second maximum grows with increasing bias, becoming larger than the first peak for bias greater than 10 V. In contrast, at 1.9 J cm À2 the negative TOA distribution is single-peaked. Increasing the bias voltage up to 30 V leads to a pronounced growth of the current amplitude in the time interval of 5 to 20 ls after the laser pulse.
The expansion velocity of the plasma plume was determined by changing the target-probe distance, from 6 to 14 cm in 2 cm steps, and recording the positive ion signals for 10 V bias at each position. These signals are shown in Fig. 4 . As the probe-target distance is increased, the current peaks move to later times, are reduced in amplitude, and are broadened. The broadening of the TOA distributions with increasing target-probe distance is as expected for the inertial . The larger velocity measured for the negative current signal as compared for the positive signal is considered to be a confirmation of an expected behavior. The Langmuir probe signal for positive bias is dominated by electrons since the thermal velocities of the lighter electrons are much higher than the flow velocities of any negative ions present in the plasma. . By integrating these distributions over energy, the relative abundance of each species was determined; the results are shown in Fig. 6 . This figure also shows the values for several other lowabundance negative ions.
B. Ion energy distribution
While the energy spectra are quite complex, some particular features and fluence dependencies can be discerned. The energy distributions of Ca þ and Mn þ are relatively broad, and extend out to higher energies as the laser fluence is increased. In contrast, the heavier La þ ion shows a strong peak around 10 eV, which does not change with fluence. There is a weak tail on the La þ distribution, which extends to higher energy as the fluence is increased, reaching $100 eV at 1.9 J cm À2 . LaO þ is the main metal-oxygen species detected, which may be attributed to its relatively high dissociation energy, estimated to be $8.9 eV. 25 Its distribution also shows a strong peak around 10 eV which decreases as the fluence is increased from 1.3 to 1.9 J cm À2 , perhaps indicating the increasing influence of dissociation as more laser energy is coupled to the ablation plume. Both O When negatively biased the Langmuir probe measurement gives information about density and velocity of the positive ions in the plasma. From the E k -resolved mass spectrometry measurement, the amount of the positive/negative ions with a specific mass-to-charge ratio is measured as a function of kinetic energy. It is of interest to see the extent to which the ion TOA recorded by the Langmuir probe can be reconciled with the ion energy distributions measured by the mass spectrometer. Since both experiments were conducted in vacuum at a fixed target-probe (detector) distance, the arrival time, t, of the ions is converted from its kinetic energy
. This was done by using the energy distribution (dN/dE k ) for each positive ion to calculate the TOA signal (dN/dt) due to that ion at the position d ¼ 6 cm of the Langmuir probe, thus
Figures 7(a)-7(e) show the TOA signals at 6 cm, derived from the measured energy distributions, for the ions O þ , Ca þ , Mn þ and La þ and LaO þ , respectively. Note that the y-coordinate scale is different in each plot. Fig. 7(f) shows the TOA distribution of O þ with smaller abscissa scale as compared to Fig. 7(e) . The strongest signals are due to Ca þ and Mn þ . Here, it is worth noting the close correspondence between the features seen in the period 14 to 20 ls in the TOA distributions of La þ and LaO þ . The data clearly suggest that LaO þ is found in the rear of the ablated plume, closer to the target, and the later feature in the La þ distribution is likely derived from a dissociation of LaO þ as it transits from the place of production to the aperture of the spectrometer. The later arrival time of La þ and LaO þ can also be attributed to their larger atomic mass. Therefore, these species contribute more to the tail end of the TOA distributions. This can also be noted when converting the maximum of the TOA into a velocity. The heavy LaO þ species travel at $3. . The overall derived positive ion TOA signal at 6 cm was obtained by adding together the individually derived ion TOA signals in Figs. 7(a)-7(e) . The result is shown is Fig. 8(a) , and 1.9 J cm À2 . The abundance of each species was obtained by integrating the corresponding distribution in Fig. 5 .
obtained by these two techniques gives confidence that they are providing a reliable diagnosis of the plasma plume formed by the ablation of LCMO. From Figures 8(a) and 8(b) , it is clear that there are differences in the fine structures of the observed signal. For example, the broad hump from 14 to 20 ls appears in the TOA distribution from mass spectrometry but not for the Langmuir probe measurement. A possible reason could be a better discrimination of heavy ions by the mass spectrometer as compared to the Langmuir probe in this particular geometry because the ion signal is detected over a finite length of the ion probe.
The TOA distributions of O À at the probe position were also derived from the energy distributions, and they are plotted in Fig. 8(c) . For all three fluences, the arrival times of O À species at the probe position are significantly later than the arrival of the positive ions, indicating that the negative ions are found behind the plasma front, where the positive ions are mainly found. 
D. Measurement of electron temperature and density
The electron temperature and density in the ablation plume were measured at 6 cm for a range of time delays by plotting the logarithm of the electron current vs probe bias. The electron temperature, T e , is given by the slope of the graph in the electron-retarding region. Figure 9 (a) shows the IV characteristic at 8 ls at a fluence of 0.8 J/cm 2 (the temporal interval is 4 ns), where the value of T e is 0.9 eV. The IV characteristic can also be used to find the electron density by noting the current values at the knee in the curve, which corresponds to the plasma potential given by: I e;sat ¼ To estimate the density of O À ions (n -), we define
, where (n þ ) is the total positive ion density. Then, plasma charge neutrality implies that n À ¼ b 1Àb n e . If it is assumed that positive and negative ions, with the same velocity, are equally efficiently detected in the mass spectrometer, then the amplitudes of the signals in the derived TOA ( 1, n À ¼ bn e . Thus, using the measured electron density in Fig. 9(c) , n-can be estimated; the temporal variation of n -is plotted in Fig. 9(d) . It was noted earlier that the O À is the main negative ion species detected in the laser ablation plume. This is consistent with observations made on other types of oxygen plasmas, which have been shown to contain a significant fraction of O À . Since O 2 is an electronegative gas, it is expected that O À , O 2 À , and O 3 À make a significant contribution to the charge balance in low temperature plasma. Negative oxygen ions are mainly formed by dissociative attachment and charge transfer, and destroyed by ionion neutralization and electron detachment. 36 The negative ion densities can be calculated by detailed modelling of the reaction kinetics, or measured by photo-detachment. 36 It has been reported that in a radio frequency (rf) excited 0.1 Torr oxygen plasma with an electron temperature of about 3 eV the total negative ion density was 5 to 10 times the electron density and n(O -) ¼ 4 Â 10 15 m
À3
. Thus, it is to be expected that the laser ablation plume studied here will contain a significant fraction of O À ions, though, of course, a model of the reaction kinetics would need to include the metal atoms and ions, in addition to the oxygen species. It can also be noted that at the probe position the positive metal ions are found near the front of the plume expansion, while the O À ions, which are detected somewhat later, are found behind the positive ion region.
IV. CONCLUSIONS
We have examined the plasma formed by UV nanosecond laser ablation of LCMO in vacuum using both Langmuir probe analysis and energy-resolved mass spectrometry. The probe measurements show that both density and velocity of the positive ion species increase with laser fluence. Mass spectrometry shows that the main positive ion species are Ca þ , Mn þ , La þ , and LaO þ . The net TOA signal derived from the measured positive ion energy distributions is broadly consistent with the positive ion signal measured by the Langmuir probe. We also detected a significant number of O À ions, which arrive somewhat later than the main positive ion feature. The Langmuir probe was also used to measure the temporal variation of the electron density and temperature at 6 cm from the ablation target. In the period (7-15 ls) when O À ions are found at this position, the plasma conditions (T e ¼ 0.9-1.0 eV, n e ¼ 4-2 Â 10 14 m
À3
) are consistent with the conditions required for significant negative oxygen ion formation, as revealed by studies on rf excited oxygen plasma.
